In the presence of large T antigen and plasmids containing a functional origin of replication, extracts from a human cell line will support multiple rounds of simian virus 40 (SV40) replication in vitro. Fractionation of this extract has led to the identification of several factors, some of which have been purified to homogeneity. The characterisation of these proteins has led to the separation of SV40 replication in vitro into multiple stages.
Introduction
During each cell cycle in growing cells, the DNA and chromatin must be accurately duplicated once and only once. Prior to this therefore, a series of regulatory events must occur which involves the synthesis or activation of cellular factors required at each stage of replication. The identification of replication factors may therefore elucidate the regulatory pathways that control them. The initial step can be regarded as the commitment of the cell to begin a round of DNA replication. This also must be under strict control to make certain that replication from the multiple origins on cellular chromosomes is coordinated so that no reinitiation occurs. The cell must also ensure that all the DNA is fully replicated before the process of cell division begins. To identify and investigate the properties of cellular proteins that may be involved in such reactions, simple viral systems have been studied in vitro in which the majority of the enzymatic activities are derived from the host cell.
The system we have been studying is that of simian virus 40 (SV40). Replication of this virus in vivo and in vitro requires only one virus-encoded protein, large T antigen (TAg), while all other factors are of cellular origin (Tegtmeyer 1972, Li and Kelly 1984) . Another feature which makes this virus an attractive model for DNA replication in higher eukaryotes is that its genome occurs as a duplex molecule which replicates in the host nucleus as a circular chromosome, with a nucleosome structure and histone content indistinguishable from those of the host; for review, see DePamphillis and Bradley (1986) . For initiation of D NA synthesis to occur, TAg binds site-specifically at a well defined origin sequence, and in the presence of cellular factors, replication occurs in a semi-conservative manner bidirectionally from the origin. Termination occurs when the forks collide and the daughter molecules are segregated by the action of topoisomerase II. It has been demonstrated that multiple rounds of replication occur and that the normal products are relaxed, covalently closed, monomer circles (L i and Kelly, 1985; Stillman and Gluzman, 1985; Wobbe et al. 1985) . It has also been shown that addition of a nuclear extract to the replication reaction results in the newly synthesised D N A adopting a chromatin structure similar to that found in higher eukaryotes (Stillman, 1986) . By fraction ation of a human cell extract derived from human 293 cells, we have identified several proteins involved in SY40 D NA replication in vitro. As described below, these proteins are involved in both the initiation and elongation stages of replication. Furthermore, one of these proteins has been identified as the proliferating cell nuclear antigen (PCNA), which is known to be synthesised in a cell cycle-dependent manner.
-
Materials and methods

Preparation of replication extracts and T antigen
The cytoplasmic S100 extract was prepared as described by Stillman and Gluzman (1985) . Fractionation of this into fractions II, A and B was as described previously (Prelich et al. 1987a ).
The preparation of proliferating cell nuclear antigen (PCNA) from B and the preparation of fractions S S I and replication factor-A (RF-A) were as described by Prelich and Stillman (1988) and F'airman and Stillman (1988) , respectively. The purification of replication factor-C (RF-C) and topoisomerases I and II is to be described elsewhere (Tsurismoto and Stillman, 1989) . SV40 TAg was immuno-purified from H eLa cells infected with the recombinant adenovirus Ad5 SVR 112 as described previously (Stillman and Gluzman, 1985) .
Recombinant plasmids and phage DNA
The recombinant phage DNAs and plasmids DN As have been described by Prelich and Stillman (1988) .
DNA replication reactions
Replication reactions contained (final concentrations) 40 mM-Hepes-KOH (pH 7.5), 8 mM-MgCl2, 0.5 mM-DDT, 100 ¡m each of dCTP, dG T P and d T T P , 25 /jm [ar-32P]dATP, 4 mM-ATP, 200/M. each of CTP, G T P and U T P, 40 mM-creatine phosphate and 1 ug creatine phosphokinase. Standard reactions contained 300 ng of plasmid pSVOlO, 1 fig of purified TAg and optimal amounts of the cellular extracts. Reactions were prepared on ice and started by transfer of the tubes to 37 °C for a further 60min incubation. Reactions were terminated by the addition of EDTA , and the' radioactivity incorporated into acid-insoluble material determined as described previously (Still man and Gluzman, 1985) .
Gel electrophoresis acrylamide stacking gel, 12.5% [w/v] resolving gel) were prepared and proteins subjected to electrophoresis by the method of Laemmli (1970) . Proteins were visualised either by staining in 0.5 % Coomassie Brilliant Blue followed by destaining, or by silver staining by the method of Wray et al. (1981) .
Results and discussion
SV40 DNA replication in vitro
The first in vitro system was described by Li and Kelly (1984) using cellular extracts from simian cells. Modification of this procedure has allowed the production of an extract from human 293 cells, the S I 00, which in the presence of purified TAg will efficiently replicate plasmids containing a functional origin (Li and Kelly, 1985; Wobbe et al. 1985; Stillman and Gluzman, 1985) . Using this extract as a starting material, we have fractionated it into multiple components and identified and characterised several cellular factors that are required for SY40 replication in vitro ( Fig. 1 ). Several assay systems have then been employed to establish the functions of these proteins during replication, and this has led to the definition of distinct stages of SV40 D NA replication and the identification of the components required for each step.
The first stage required for SY40 replication in vitro is the binding of TAg to a specific sequence (site II) at the origin. This process has been shown to be ATPdependent, and results in the formation of a nucleoprotein complex (Borowiec and Hurwitz, 1988; Dean et al. 1987; Deb and Tegtmeyer, 1987) . In crude extracts, a cellular fraction, S S I, stimulates this process. The formation of such a complex is not dependent upon high temperature (37°C) as has been reported for the initial D N Aprotein interactions in prokaryotic systems (van der Ende et al. 1985) but will occur at lower temperatures (25 °C) if the incubation time is greatly increased (Fairman, unpublished observation) . This open complex is stable and can be isolated by gel filtration (Wobbe et al. 1985, Fairman, unpublished observation) . In the presence of a single strand D NA binding protein, RF-A (Fairman and Stillman, 1988; Wold and Kelly, 1988, Wobbe et al. 1985) , topoisomerase I and ATP, this open complex can be converted to an unwound structure by the helicase action of TAg (Stahl et al. 1986 ). Deproteinization of the template molecule results in the re-annealing of the single stranded regions producing a form (form U) which migrates in agarose gels slightly slower than form I (supercoiled) marker DNA. (Tsurismoto, unpublished; Dean et al. 1987 , Wold et al. 1987 . The kinetics of formation of form U mirrors exactly the incorporation of [32P]dATP into TCA-precipitable counts observed during repli cation in vitro, and that the transition from the open complex to the unwound complex is very rapid (Tsurismoto et al. unpublished) . Further experiments have also shown that the single-stranded D NA binding protein (SSB ) from Escherichia coli cannot fully substitute for RF-A in this system.
The next stage of initiation of D NA replication requires the cellular fraction IIA, which contains both the polymerase a,-/primase complex, and other as yet unidentified factors (Tsurismoto, unpublished) . Elongation of the resulting nascent chains is then achieved by a multiprotein complex which includes both polymerase molecules and the elongation factors PCNA and RF-C (see below). Both of these factors have been demonstrated to be essential not only for elongation but also for coordinating leading and lagging strand synthesis in this system (Prelich and Stillman, 1988, Tsurism oto and Stillman, 1989) . Completely replicated daughter molecules are then segregated by the action of topoisomerase II, which can be added either as a component of fraction II, or as the purified protein (Yang et al. 1987) .
A eukaryotic single-stranded DNA binding protein (RF-A)
A protein complex derived from fraction A, (RF-A ), has also been identified as an essential factor for SV40 replication in vitro. T h is factor has been shown to be a complex of three polypeptides of 70, 34 and 11K which are held together in a tight complex (Fairman and Stillman, 1988; Wold and Kelly, 1988) . This complex exists in an apparent 1:1:1 stoichiometry and is resistant to denaturation by 6M-urea. Although this complex has a high affinity for both native and denatured DNA, it has been shown to have an approximately 30-fold higher binding capacity for denatured DNA and therefore it has been postulated that this may act as a single stranded DNA binding protein, with a function similar to the E. coli SSB in both the ori C and phage A replication systems (Bramhill and Kornberg, 1988; Schnos et al. 1988 , and references therein). In these reactions, the duplex DNA is opened by the action of either dnaA or O protein respectively, allowing the helicase (dnaB) to start to unwind the duplex. This unwound structure is then stabilised by binding of an SSB to the displaced single strands, before initiation by the DNA polymerase/primase complex can occur. To test whether RF-A was having a similar function in the SV40 system, an unwinding assay was used (Dean et al. 1987 , Wold et al. 1987 . This produces a novel species of template (form U) which can be identified by agarose gel electrophoresis, and may be analogous to form I * as described by Baker et al. 1986 for the E. coli system. By using such an assay, we have shown that the rate of formation of form U parallels the rate of DNA replication seen in the reconstituted system. Furthermore, the E. coli SSB , which is a single polypeptide, cannot fully substitute for RF-A for D NA replication, indicating that RF-A has a more complex function in the initiation reaction than simple binding to single-strand DNA. Although protein levels of RF-A do not vary across the cell cycle, the 34K subunit of RF-A has been identified as a phospho-protein (S. Din and M. Fairman, unpublished observation). Experiments to show whether different forms of this subunit exist during the cell cycle, and if so whether these are related to RF-A activity, are in progress.
Proliferating cell nuclear antigen (PCNA)
Fractionation of the SV40 extract by phosphocellulose chromatography gave rise to two separate fractions (I and II), neither of which would support replication in the presence of TAg and ori-containing plasmids alone, but when combined gave efficient synthesis. Further fractionation of I on DEAE cellulose gave rise to fractions A and B (Fig. 1) . A single replication factor was then purified from fraction B which was essential for complete SV40 replication in vitro. This factor was subsequently found, by a number of independent criteria, to be identical to a previously characterised protein, PCNA. This protein was first identified in 1978 as a human auto-antigen using sera from a small number of patients with systemic lupus erythematosis and was found in proliferating but not non-dividing cells (for review see Mathews, 1988) . PCNA has also been shown to be identical to a growth and cell cycle-regulated protein called cyclin that was preferentially synthesised just prior to S phase of each cell cycle (Bravo et al. 1987) . (This should not be confused with the mitotic cyclins described, for example, by Minshull et al. (1989) , this volume).
Immunofluorescence studies have localised PCNA to discrete nuclear regions in S phase which closely resemble sites of ongoing cellular DNA synthesis. The role of Fig. 2 . A hypothetical view of the eukaryotic replication fork. This proposes that DNA polymerase <5, with its associated auxiliary factor, PCNA, is responsible for leading strand synthesis and that DN A polymerase o/primase is involved in the synthesis of the lagging strand. RF-C is shown as maybe linking the action of the two polymerases to give coordinated synthesis at the fork. A helicase precedes this complex to unwind the DNA duplex to allow fork progression.
PC N A in replication was further implicated by the discovery that the same protein was also identified as an auxiliary factor for D N A polymerase 5 (Tan et al. 1986; Bravo et al. 1987; Prelich et al. 1987 ). T h is protein acts specifically as a processivity factor for the polymerase, which was detected by a PCNA-dependent increase in the length of D N A products when synthetic templates were used. No affect on D N A polymerase a has been observed. PC N A appeared to be involved in the elongation phase of SV40 replication in vitro, and therefore experiments were carried out to examine the products of replication in the absence and presence of this factor. These experiments demon strated that in the absence of PCN A , short, ori-specific D N A fragments were still produced but subsequent elongation only occurred on the lagging strand, and were displaced from the template. However, in the presence of PCN A , long D N A products, which have been shown to hybridise to both the leading and lagging strands, were produced in a coordinated manner. We suggest that a polymerase, with its tightly associated primase activity is responsible for initiation and lagging strand sythesis, i.e. the production of okazaki fragments, while <5 polymerase in conjunction with PCN A is responsible for leading strand synthesis in this system (Fig. 2 ).
An additional elongation factor required for the coordination of leading and lagging strand synthesis
During fractionation of II (Fig. 1) it was found that all polymerase and topoisomerase activities could be separated from another fraction that was essential for complete SV40 replication in vitro. This factor, called RF-C, has recently been purified and appears to be a multiprotein complex containing proteins with apparent molecular weights of 37 and 41K. Proteins of approximately 100-140K also appear to elute with RF-C activity, although the relationship between these two sets of polypeptides is as yet unknown. RF-C does not appear to have any detectable activities that may be involved in DNA synthesis, i.e. D NA polymerase, RNAse H, DNA ligase or topoisomerase activities, although it does bind to both native and denatured D NA in a non-sequence-specific manner. In the reconstituted reaction, product analysis in the presence of RF-C gives normal full length daughter molecules, while in its absence, a pattern of synthesis is seen which is similar to that observed in the absence of PCNA, i.e. short D NA strands of approximately 100-200 bp. Further exper iments have shown that RF-C has no effect on the initial stages of SY40 replication, i.e. the formation of the open complex, or in the formation of form U, and therefore appears to be specifically involved in the elongation phase of synthesis. Hybridisation studies similar to those described for PCNA (Prelich and Stillman, 1988 ) also show that in the absence of RF-C, only lagging strand synthesis occurs. However, as RF-C has not been shown to have any direct effect on either a or <5 polymerase as yet, it is difficult to postulate what its role might be. One possibility, illustrated in Fig. 2 , is that RF-C links together the two polymerases at the replication fork so as to give coordinated synthesis on the two strands. Further experiments to elucidate the mechanism of RF-C action and its interaction with other components are in progress.
Interaction of other cellular fractions
Initially, using a reconstituted system that was dependent upon fraction II (Fig. 1) , the cellular fraction SSI was shown to be essential for SV40 DNA replication in vitro (Fairman and Stillman, 1988) . However, recent experiments using more purified components (IIA, RF-C and the topoisomerases I and II) in place of fraction II, it was shown that fraction S S I was no longer required. It has been shown that a subfraction of II, (IID ; see Fig. 1 ), which again is not required in the most purified system, is a potent inhibitor of the initiation of D NA synthesis. Components in fraction S S I are required to antagonise this inhibition (Tsurismoto et al. unpub lished) . Experiments to determine the factors involved in this interaction are currently in progress. It has also been shown that purified a polymerase/primase cannot fully substitute for fraction IIA, indicating that other components in this fraction are still to be identified.
Conclusion
This paper reviews the identification of proteins involved in SV40 DNA replication in vitro, which has allowed the separation of this process into distinct stages. If the mechanism used for replication of this virus in vitro reflects that used for chromosomal D NA replication, some of these stages may be similar. The detailed study of these stages may therefore give insight into the control of processes, such as D NA replication, and how these are related to the cell cycle.
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